Specific in vitro binding of 3H-methyltrienolone (R1881) was demonstrated in 100,000 x g supernatant (cytosol) of hypoglossal, facial, and cochlear nuclei and tongue muscles of adult rats. Binding sites in these cranial nerve nuclei and tongue muscles were of high affinity, limited capacity, with steroid specificity; and they were capable of translocation to the cell nuclei in viva Accordingly, an androgen receptor system with properties very much akin to the androgen receptors described in the forebrain limbic regions has been quantitatively demonstrated for the first time in brain stem nuclei. Because of its widespread presence in neurons of the brain stem and spinal cord, androgen receptors may have important roles in regulation of neuron physiology beyond the sphere of reproductive function, including mediating androgen effects on regeneration of the hypoglossal nerve reported previously.
Specific in vitro binding of 3H-methyltrienolone (R1881) was demonstrated in 100,000 x g supernatant (cytosol) of hypoglossal, facial, and cochlear nuclei and tongue muscles of adult rats. Binding sites in these cranial nerve nuclei and tongue muscles were of high affinity, limited capacity, with steroid specificity; and they were capable of translocation to the cell nuclei in viva Accordingly, an androgen receptor system with properties very much akin to the androgen receptors described in the forebrain limbic regions has been quantitatively demonstrated for the first time in brain stem nuclei. Because of its widespread presence in neurons of the brain stem and spinal cord, androgen receptors may have important roles in regulation of neuron physiology beyond the sphere of reproductive function, including mediating androgen effects on regeneration of the hypoglossal nerve reported previously.
Neurons responsive to gonadal steroid hormones are most numerous and best known in the forebrain limbic regions such as the hypothalamus, preoptic-septal area, and amygdala. Much evidence has been gathered indicating that gonadal steroids affect the biochemistry (McEwen et al., 1979) , electrical activities (Pfaff, 1980) , and morphology (Cohen and Pfaff, 1981; Cohen et al., 1984) of neurons in these regions. Some of these effects are thought to be mediated via classical mechanisms of steroid hormone action involving activation of the genome in target cells by hormone-receptor complexes. Recently, it has been demonstrated that gonadal steroid-sensitive neurons are more widely spread. Radioautographic studies in several vertebrate classes have revealed that motor neurons in nuclei of cranial and spinal nerves, as well as neurons of sensory projection areas in the brain stem and spinal cord, concentrate significant amounts of radioactivity following in viva administration of 3H-steroids (Arnold et al., 1976; Breedlove and Arnold, 1980; Commins and Yahr, 1985; Keefer et al., 1973; Kelley, 1980; Kelley et al., 1975; Morrell et al., 1975 Morrell et al., , 1982 Sar and Stumpf, 1977; Sheridan and Weaker, 198 1, 1982) . While receptors for gonadal steroids in the forebrain have been measured and characterized, those in the brain stem and spinal cord have not been studied quantitatively.
In the present study, we have measured the levels of androgen receptors in hypoglossal neurons and their target muscles in the tongue. Motor neurons of the facial nerve and cochlear nuclei were included in the study for comparison. An in vitro binding assay developed for measuring androgen receptors in the rat brain and pituitary (McGinnis et al., 1983) was employed, using a synthetic androgen, methyltrienolone (RI 88 l), as ligand. Be-cause R 188 1 is stable to metabolic conversion and binds weakly to testosterone-estradiol binding globulin Raynaud, 1975, 1976; Doering and Leyra, 1984; Liao et al., 1973) , its use was deemed more suitable than its naturally occurring counterparts. The present investigation demonstrates that cranial nerve nuclei and tongue muscles in the adult rat possess a receptor system with properties similar to the androgen receptors described in forebrain regions and limb muscles.
Materials and Methods

Animals and materials
Sprague-Dawley rats (200-220 gm) of both sexes were purchased from Charles River Breeding Laboratories (Wilmington, MA). All rats were either orchidectomized or ovariectomized bilaterally under light ether anesthesia 2-3 d before being killed. 3H-R 188 1 (specific activity, 87 Ci/ mmol) was purchased from New England Nuclear (Boston, MA). Unlabeled steroids and other chemicals were from Sigma Chemical Co. (St. Louis, MO).
Tissue preparation
Rats were killed by decapitation. The brain stem was quickly removed from the skull and placed, dorsal surface facing upward, on an ice-cold glass plate. Under a dissecting microscope three cuts were made through the brain stem with a razor blade (Fig. 1A) . The sections were carefullv placed on the cold glass plate and the cochlear (CN)! facial (FN), a& hypoglossal (HN) nuclei were excised as shown in Figure 1 , B and C. The tongue was removed by a transverse cut near the root of the tongue, and placed on an ice-cold glass plate. Tongue muscles were dissected free of extraneous tissues under a dissecting microscope. For the saturation and specificity analyses, tissues from 1 O-l 2 rats were pooled for each determination. For single-point assays, tissues from four to six rats were pooled. After dissection, all subsequent procedures were carried out at 0-4°C.
Cytosol binding assays
The neural tissue was homogenized in a glass-Teflon homogenizer in 4 vol of TEGDM buffer (10 mM Tris-HCl, 1.5 mM EDTA, 10% vol/ vol glycerol, 1 mM dithiothreitol, 25 mM sodium molybdate, pH 7.4). The muscle was homogenized in a Polytron homogenizer in 4 vol of TEDGM buffer, Homogenates were centifuged at 100,000 x g for 30 min in a Beckman L2-65B ultracentrifuge. The resulting clear supernatant was retained as cytosol fraction and used for binding assays. Aliquots of cytosol fraction were pipetted into tubes containing 3H-R188 1. For saturation analysis, the final concentration of 'H-RI 88 1 ranged from 0.25 to 6.0 nM. For single-point assays, 3 nM jH-R1881 was used. A parallel incubation containing 3H-R1881 plus unlabeled dihydrotestosterone (DHT) in IOO-fold excess was included in all experiments to determine nonspecific binding. The difference between the binding measured in the presence and absence of competing unlabeled DHT represented the specific binding in the tissue sample. Triamcinolone acetonide (TAA) in loo-fold excess was added to all incubates to prevent )H-RI 88 1 from binding to glucocorticoid and progestin receptors (Fichman et al., 1981; Hicks and Walsh, 1979) . Cytosol and radiolabeled ligand were incubated for 18-24 hr at 0°C. At the end of the incubation period, the bound and unbound 'H-R1881 were separated by filtration through Sephadex LH-20 columns. The radioactivity was determined in a Beckman liquid-scintillation counter at 30% efficiency. Protein concentration of the cytosol ranged between 0.4 to 1 .O mg/ml in neural tissues and between 2-5 mg/ml in muscles, as determined by the method of Bradford (1976) , using BSA as standard.
Translocation of receptors to cell nuclei
In order to assess whether cytosolic receptors once bound with androgens could be translocated into cell nuclei, a group of castrated rats was injected with 1 mg testosterone propionate (TP) in 0.1 ml propylene glycol l-2 hr before being killed. Another group of castrated rats injected with 0.1 ml propylene glycol served as controls. Cytosolic and cell nuclear 'H-RI 88 1 binding were measured separately in rats from the TP-treated and control groups, using single-point assays. Cytosolic R188 1 binding was determined by the method described in the preceding section. Cell nuclear R 188 1 was determined by the exchange assay.
Exchange assays for cell nuclear binding Cell nuclei were prepared by homogenizing the tissue in 4 vol of NIIDG buffer containing 1 mM KH,PO,, 1 mM MgCl,, 0.32 M sucrose, 1 mM dithiothreitol, 10% vol/vol glycerol, pH 6.8. Homogenates were centrifuged at 1000 x g for 5 min in a Sorvall RC2-B centrifuge. Nuclear pellets were resuspended in NIIDG buffer after two washes with NIIDG buffer. NIIIDG buffer (1 mM KH,PO,, 1 mM MgCl,, 2.39 M sucrose, 1 mM dithiothreitol, 10% vol/vol glycerol, pH 6.8) was added to reach a final sucrose concentration of 2 M. Cell nuclei were pelleted by centrifugation at 25,000 x g for 20 min. The pelleted cell nuclei were resuspended in TEDB buffer (10 mM Tris-HCl, 1.5 mM EDTA, 1 mM dithiothreitol, 0.5 mM bacitracin, pH 7.4) containing 0.6 M KCl, and nuclear receptor complexes were extracted according to the method of Roy and McEwen (1977) . The nuclear suspensions were centrifuged at 25,000 x g for 15 min. Aliquots of salt extracts containing nuclear receptor complexes were incubated with 3 nM 3H-Rl 88 1 with and without 1 OO-fold excess of unlabeled DHT for 18-24 hr at 0°C. Bound and unbound 'H-R 188 1 were separated by filtration through Sephadex LH-20 columns, and radioactivity was determined by liquid-scintillation counting. DNA content in cell nuclei was determined according to the method of Burton (1956) . Differences between TP-injected and control groups were evaluated using Student's t test. 
Competition studies
The specificity of 3H-Rl 88 1 binding in cytosol and cell nuclei was tested by incubating aliquots of cytosolic and cell nuclear extracts with a 3 nM concentration of 3H-R 188 1 in the presence of unlabeled steroids, DHT, estradiol (E2), progesterone (P), and corticosterone (C), at concentrations ranging from 1O-9 to lo-" M. TAA in a loo-fold excess was included in all cytosol competition studies.
Results
Binding of RI881 in cytosol
As shown in Figures 2 and 3 , saturable, limited-capacity binding sites for 'H-R 188 1 were present in the cytosol of hypoglossal nuclei and tongue muscles. A similar binding component for R1881 was also present in the cytosol of cochlear and facial nuclei. The binding capacity derived from Scatchard analysis indicated that hypoglossal nuclei had higher levels of androgen receptors (8.9 fmol/mg protein) than either facial (4.8 fmol/mg protein) or cochlear nuclei (4.0 fmol/mg protein). The binding capacity in tongue muscles was 4.7 fmol/mg protein. The binding affinities in hypoglossal, facial, and cochlear nuclei, and tongue muscles were 2.5, 1.1, 1 .O, and 1.1 nM, respectively. All cranial nerve nuclei and tongue muscles had linear Scatchard plots, indicating a single class of high-affinity receptors.
Nuclear translocation of receptors
Treatment of castrates with 1 mg TP l-2 hr before being killed resulted in a significant decrease in androgen receptor binding in the cytosol of hypoglossal and facial nuclei and tongue muscles compared to vehicle-injected controls (Fig. 4A) . Concomitantly, a highly significant increase in cell nuclear R 188 1 binding was observed in hypoglossal nuclei of TP-treated rats, which was in great contrast to the absence of nuclear binding of androgens in hypoglossal nuclei of vehicle-injected controls ( The specificity of high-affinity )H-R 188 1 binding in the cytosol of hypoglossal and facial nuclei and tongue muscles is shown in Figure 5 . DHT was the most effective competitor. E, and P, at higher concentrations, competed for androgen receptor sites in the hypoglossal and facial nuclei, but not in tongue muscles. C was not a strong competitor for R 188 1 in any tissue. Figure  6 illustrates the specificity pattern of cell nuclear R 188 1 binding in hypoglossal nuclei. DHT competed with R 188 1 for available binding sites. Ez, P, and C showed little competition for nuclear R 188 1 binding sites.
Discussion
In the present study, we have demonstrated that hypoglossal, facial and cochlear nuclei, and tongue muscles in adult rats contain receptor sites for androgens by in vitro binding assays with the use of a synthetic ligand, R188 1. Androgen binding sites in these cranial nerve nuclei and tongue muscles exhibit the characteristics of high affinity, limited capacity, and steroid specificity. Shortly after the administration of TP, the receptor pool in cytosol was depleted, while binding sites in the cell nuclear compartment were substantially increased. These observations are taken to indicate nuclear translocation of receptors, although such an interpretation has recently been questioned (King and Greene, 1984; Welshons et al., 1984) . Thus, androgen receptors in these cranial nerve nuclei and tongue muscles qualitatively resemble those found in the forebrain limbit regions and limb muscles. The significance of the presence of androgen receptors in these cranial nerve nuclei remains to be determined. Certain androgen-dependent reproductive behaviors, such as mating, vocalization (Arnold, 1975; Kelley, 1980) and penile reflexes (Hart, 1979) , are thought to be mediated by androgen receptors in neurons stationed along the neural pathways controlling these behaviors. However, androgens may affect neuronal function not related to reproductive behaviors.
In previous studies, we have shown that androgens accelerated regeneration of the hypoglossal nerve and facilitated the reinnervation of tongue muscles in rats (Yu, 1982 (Yu, , 1984 Yu and Srinivasan, 198 1; Yu and Yu, 198 1, 1983) . Androgens were also reported to hasten reinnervation of leg muscles after sciatic nerve lesion in rabbits (Vita et al., 1983) . The site(s) and mechanism(s) whereby androgens influence nerve regeneration are not known at the present time. What has been well documented is that following axotomy the neuronal cell body undergoes a series of structural and biochemical changes indicative ofaxonal regeneration. Among these changes are increases in the rate of protein synthesis and glucose utilization (Kreutzberg and Emmert, 1980; Singer and Mahler, 1980; Smith et al., 1984) . Since a significant adjustment of protein synthetic activity is required of neurons during axonal regeneration, androgen stimulation at the genomic level is a logical step in consideration of its mechanisms of action. The data presented here substantiate our hypothesis that androgens, interacting with specific intracellular receptors, enhance axotomy-induced protein synthetic activity of neurons, even though other mechanisms such as interaction with plasma membrane receptors are also likely to exist (Towle and Sze, 1983) . Smith et al. (1984) reported that the rate of protein synthesis and glucose utilization in the axotomized hypoglossal nucleus remained elevated for an additional 4-l 4 d after reinnervation of the tongue was established. Consequently, the prolonged elevated metabolic state was thought to encompass both the periods of regeneration of the severed axons and reformation of the functional synapses. It appears that androgens not only promote the initial phase of axonal outgrowth, but also extend their effects into the reinnervation of muscles. This point of view is supported by our observation that testosterone accelerated the return of afferent synapses on the axotomized hypoglossal neurons Cyu and Yu, 198 1); that the event was reported to occur only after efferent synapses were in place (Rotter et al., 1979; Sumner, 1975) supports this view.
In the present study, we have shown that the tongue musculature contains androgen binding sites that are qualitatively similar to those in hindlimb and levator ani muscles of rats (Hickson et al., 1983; Max, 198 1; Max et al., 198 1; Snochowski et al., 1980; Tremblay et al., 1977) . However, the androgen binding capacity of the tongue muscles is closer to that described in the limb muscles (1.5-3.0 fmol/mg protein) than in the perineal muscles (8.0-l 1.7 fmol/mg protein). To our knowledge, Vol. 6, No. 5, May 1986 this is the first report on the presence of androgen receptors in the skeletal muscles of the cranial area. Our data suggest that androgen receptors in neurons as well as in muscles could participate in mediating androgenic effects on nerve regeneration. Denervation or disuse of the limb and perineal muscles has been reported to raise significantly the levels of androgen, as well as glucocorticoid receptors (Bernard et al., 1984; DuBois and Almon, 1980,198 1) . Whether a similar phenomenon occurs in the tongue muscles after denervation has not been investigated. Another open question awaiting elucidation is the target site of androgen action, that is, whether androgens exert their effect on neurons, muscles, or both.
An unexpected finding was the presence of androgen receptors in the cochlear nuclei. Cochlear nuclei were intended as a negative control for the binding assays on the basis of the reported absence of androgen-concentrating neurons in this nucleus in radioautography (Sar and Stumpf, 1977) . Since the cochlear nuclei have the lowest androgen binding capacity when compared to brain stem motor nuclei or the forebrain limbic regions (11.6 fmol/mg protein) and cerebral cortex (4.7 fmol/mg protein) reported previously (McGinnis et al., 1983 ) the duration of the exposure time routinely utilized for radioautography may not be long enough to reveal uptake of the labeled steroid. To our knowledge, steroid-concentrating neurons in the auditory system have been reported only in frogs (Kelley, 1980; Morrell et al., 1975) . Since neurons in the auditory system in frogs accumulate both DHT and estrogen, we sought to measure estrogen binding sites in the rat cochlear nuclei. Contrary to expectation, the cytosolic estrogen receptor level in cochlear nuclei was negligible (data not shown). Steroid hormones were thought to modulate auditory sensitivity in frogs to conspecific vocalization during the breeding season (Kelley, 1980) . Whether androgens subserve a similar function in rodents remains to be determined. Ultrasonic vocalizations were reported to occur commonly during social interactions among young and adult rodents (Barfield et al., 1979; Colvin, 1973; Sales and Smith, 1978; Watts, 1975) , and it is likely that androgen receptors in cochlear nuclei may play important roles in communicatory functions.
In conclusion, an androgen receptor system has been demonstrated in adult rat cranial nerve nuclei and tongue muscles. Our results substantiate previous autoradiographic findings that alluded to the widespread presence of nuclear receptors for androgens in motor neurons. Since motor neurons have also been shown to contain nuclear receptors for corticosterone (Duncan and Stumpf, 1984) , it appears that motor neurons may be under extensive regulation by steroid hormones. Although our understanding of the effect of steroid hormones on motor neurons is meager, the emerging body of information suggests that these hormones have important roles in the regulation of motor neurons beyond those involved in reproductive functions.
